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Introduction

34
Natural gas hydrates (primarily methane hydrates forming naturally at high pressures 35 and low temperatures) are nowadays considered as a potential alternative energy 36 source [1] . Among the existing methods of gas recovery from hydrates, 37 depressurization method is considered as the most economically promising method 38 [2] . This method, conducted by lowering the pressure in overlying sediments, may be 39 hampered by the formation of ice and/or the reformation of gas hydrates (GH), 40 because of the endothermic cooling nature of GH. Fundamental understandings of 41 hydrate dissociation kinetics models are essential to predict hydrate reservoir 42 dissociation process. The objective is to select appropriate hydrate bearing zones 43 and estimating gas production behavior, prior to executing any field tests. Some 44 kinetics models were developed to simulate the production process, based on 45 heat/mass transfer and/or intrinsic kinetics of hydrate decomposition and/or gas-46 water flow [3, 4] . Even if different assumptions were made, their applicability to 47
2.2.
Experimental setup
133
The schematic views of experimental setup are presented in Figure 2 . The sand 134 specimen (1) , 38 mm in diameter and 76 mm in height, is covered with a neoprene 135 membrane (2) . The confining pressure is applied to the specimen by a 136 volume/pressure controller (7) using a perfluorinated oil (Galden®) as confining fluid 137 (3). This fluid was chosen due to its low signal intensity in MRI measurements. 138
Methane gas is then injected via the bottom inlet (5) by a pressure controller 139 connected to a gas flowmeter (10) . The top inlet (6) was closed in this study. A 140 second volume/pressure controller (12) is used to control the water pore pressure. 141
The specimen temperature is controlled by circulating a perfluorinated oil (Galden®), 142
which is connected to a cryostat (8), around the cell (4). The cell is installed in a 143 nuclear magnetic resonance imaging system (13) for observations. 144 pulse. This signal is referred to as 'FID INTENSITY' signal hereafter.
-A 1D profile imaging based on spin-echo acquisition with a read-out gradient 158 orientated in the vertical direction and an echo time of 4.2ms, which provides 159 profile measurements with 200 pixels covering a field of view of 20cm. This is 160 sufficient to avoid image aliasing. It also provides a space-resolved view of the 161 contribution. 162
In both kinds of measurement, the signal intensity is expected to be proportional to 163 the amount of hydrogen atoms owing to either liquid (water) or gas (methane) 164 phases. It is underlined that due to the Curie-law for spin polarization, the signal 165 intensity is also inversely proportional to the absolute temperature in °K of the 166 sample. The dead-time and the echo time are regarded as short enough to neglect 167 bias owing to spin-spin relaxation. On the contrary, the gas-hydrate phase, and ice 168 phase are negligible due to its short spin-spin relaxation time. Let us emphasize that 169 FID intensities do not correspond directly to profile intensities, since the MRI 170 parameters used for these two measurements are different from each other. Related 171 data are then presented on independent scales. 172
173
If any, the related data processing relied on home-made routines under Scilab. 174
2.3.
Test procedure
175
Methane hydrate bearing sediment (MHBS) specimens were prepared by the 176 following procedure: 177 -Step 1 -Compaction: moist sand (having known moisture content) is tamped 178 in layers to obtain a specimen with a void ratio of 0.63 inside the neoprene 179 membrane before the assembly of the experimental setup as shown in Figure  180 2. The void ratio is calculated from the dry mass of sand and the volume of the 181 specimen. This allows GH to be reformed faster and providing also the same final 212 pressure -temperature conditions for GH in the end for all tests. 213 -Step 7 -Depressurization-induced hydrate dissociation: The confining 214 pressure is maintained at 22 MPa while the valve V 2 is opened to decrease 215 the pore pressure. The volume of methane dissociated from the specimen is 216 measured by the system (9) which is composed of a gas/water separator and 217 a gas collection system. 218
The steps 3 -7 are performed in the MRI system and the data are logged 219 automatically during these steps. 220
Calibration tests
221
Calibration tests were performed at 2°C on the compacted specimen of the first test, 222 which density was also very similar to that of the second one, saturated with pure 223 Two tests were performed in this study with the same procedure and the same 239 parameters to ensure the repeatability of the results. The water saturation obtained 240 after compaction equals 25% (corresponding to a moisture content of 6%). 241 Bagherzadeh et al. [34] found that hydrate formation occurs faster in a bed with lower 295 initial water saturation and as opposed to the higher water saturation case, hydrate 296 formed homogenously at 25% of initial water saturation. This agrees with 297 homogenous Z profiles during GH formation in gas saturated media in this study. 298 299 Rydzy [35] investigated the kinetics of methane hydrate formation in unsaturated 300
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Ottawa sand via the combination of wave velocity measurements and MRI (Mean 301
Intensity, MI). The results showed that at low initial water saturation, MI decreased 302 quickly few hours after gas injection, indicating that hydrate saturation increased 303 quickly. In addition, velocities (compressional and shear velocities) increased quickly 304 during hydrate saturation, then slowed down and became stable when hydrate 305 formation was almost finished. This could be explained by cementation model 306 illustrating hydrate growth in capillary water at sand grains contacts [39, 40] which 307 supposed that films of hydrates are first formed quickly at water-gas interfaces, the 308 subsequent hydrate formation (from the films toward the centers of grain contacts) is 309 slower depending on methane molecule diffusion through the hydrate film and water. 310
This can be also used to explain the linear relationship between FID INTENSITY and 311 logarithm of time observed in the present study during the hydrate formation. 312
However, in the work of Rydzy [35] , 5% to 12% of pore water remained unconverted 313 to hydrate at the end of their experiments, while in the present study, almost 100% of 314 water becomes hydrates. Actually, in the work of Rydzy [35] , the signal of methane 315 gas was not considered and that would induce errors in water content estimation in 316 the specimen. 317 The signal versus elevation is plotted at various times for the Test 2 in Figure 7 . 329
Profile at 60s (t = 0.047 h) was measured when methane gas was decreased to the 330 atmospheric pressure. When water is injected with a pressure of 7 MPa from the 331 bottom inlet, signal at the bottom starts to increase first (t = 0.063 h). The specimen 332 can be expected to be fully saturated with water at t = 55 h (methane gas should not 333 exist in this conditions). At this state, higher signal can be observed in the zone close 334 to the bottom of the specimen while it is lower in the zone close to the top. 335 336 Figure 8 plots the signal versus elevation for both two tests at the end of the water 337 saturation step. The results of the Test 1 show also a higher signal close to the 338 bottom but the signal at the top is similar to the remaining part of the specimen. The 339 heterogeneity of water distribution at the end of this step can be explained by the 340 saturation procedure. Actually, methane gas evacuation and water injection were 341 performed both from the bottom. Methane gas evacuation, even if it was performed 342 quickly, less than one minute, would induce hydrate dissociation at the zone close to 343 the bottom. That explains why in the end, hydrate saturation at the bottom was lower 344 (higher signal) than the other parts of the specimen. In the work of Choi et al. [22] , 345 the pressure of sediment was maintained at 6.89 MPa during water saturation stage, 346 which prevented mass dissociation of hydrates. Therefore, the phase distribution 347 derived from this work may be significantly different from what would have been in 348 the work of Choi et al. [22] . However, more complex experimental setup would be 349 required in the present work to apply similar procedure. 350
351
Hydrate saturation is estimated 20.5% and 27.5% respectively for two tests based on 352 the intensity of water saturated sample at 7 MPa. It should be noted that, during the 353
Step 4 "Water saturation", decreasing gas pressure to atmospheric pressure would 354 induce GH dissociation. Hydrates dissociation close to the bottom eventually 355 decreases hydrate saturation. However, for Test 2, GH measured at the end Step 4 356 is identical to that estimated at the end of Step 3 "Hydrate creation" (25% of water 357 saturation corresponds to 27% of hydrate saturation). Actually, when water is injected 358 from the bottom, the remaining gas could cumulate close to the top of the specimen, 359 thus impeding total water saturation. At the end of water saturation phase, remaining 360 gas would be transformed to GH, hydrate saturation increased as a result. That is 361 why the hydrate saturation in this zone seems higher than in the other parts (lower 362 signal) in Figure 8 . 363
GH Dissociation-Reformation
364
As mentioned above, a temperature cycle was performed after the water saturation 365 phase. Figure 9 shows the pore pressure (a), the cryostat temperature (b) and FID 366 INTENSITY (c) versus elapsed time for Test 1. It should be noted that specimen 367 temperature could not be measured during these tests in the MRI system. However, 368 preliminary tests performed outside the MRI system showed a characteristic time of 369 20 min for the temperature exchange between the cryostat and the specimen. At the 370 beginning of the tests, the pore pressure is first decreased to 4 MPa. Afterward, the 371 cryostat temperature is increased from 2 °C to 25 °C with a constant rate. As heating 372 is performed under undrained conditions (the valves V 1 and V 2 were closed), pore 373 pressure increases according to heating and stabilizes at 14 MPa when the 374 temperature reaches 25 °C. Heating-induced pore pressure increase is mainly due to 375 thermal dilation of water and hydrate dissociation [38] . Following this step, the valve 376 V 1 is opened to connect the cell to the pressure/volume controller (No. 12 in Figure 2 ) 377 in order to impose a pore pressure of 19 MPa. This pressure is maintained until the 378 end of the cooling-induced hydrate re-formation phase (Step 6). At t = 7.5 h, the cell 379 temperature is decreased quickly to 2 °C to re-create GH. Note that the system was 380 designed for a maximal pore pressure of 19 MPa. Heating the specimen under 381 undrained conditions without decreasing a priori the pore pressure from 7 MPa to 4 382 MPa would generate pore pressure higher than that limit. For the sake of security, in 383 the present work, the pore pressure was reduced to 4 MPa before dissociation. 384
However, during the GH reformation step, the pore pressure was maintained at 19 385
MPa to ensure that all methane gas has been converted into GH. -Subsequent water saturation redistributes GH in the specimen. S h at the water 504 inlet is smaller than the other part (due to GH dissociation) while S h at the 505 opposite end could be higher (due to additional GH formation). 506 -Undrained heating/cooling cycle makes the GH distribution more homogenous 507 in the specimen. 508
-The ice formation due to depressurization-induced GH dissociation below the 509 quadruple point of methane hydrate is observed. 510
The findings of the present work could be helpful for future laboratory studies on 511 MHBS. The temperature cycle is considered as an essential step to reproduce 512 natural MHBS homogenously in the specimen. MRI is a good mean to investigate the 513 hydrate dissociation. 514 System to measure volume of gas; 10 -Gas flowmeter; 11 -CH 4 bottle; 12 -Water 666 CPV; 13 -MRI measured system. 667 
